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1.  Introduction 


Ceramics  are  currently  being  investigated  because  they  have  desirable  characteristics  for  armor 
such  as  high  compressive  strength,  high  hardness  and  low  density. 1  The  role  of  ceramics  in 
armors  is  to  break  up,  erode,  and,  in  turn,  defeat  the  penetrator. 

When  a  penetrator  strikes  a  ceramic,  it  tends  to  deform  or  mushroom  at  the  point  of  contact. 
Sometimes,  depending  of  the  penetrator  material,  it  erodes  or  dwells  on  the  ceramic  front  surface 
before  penetrating  into  the  tile.2’3  When  the  entire  penetrator  dwells  on  the  ceramic  surface 
without  appreciable  penetration,  the  phenomenon  is  termed  interface  defeat. 1  The  fractured 
ceramic  in  contact  with  the  projectile  is  called  the  comminuted  zone.  The  ceramic  fragments 
interlock  together  under  the  high  pressure  from  the  projectile  and  the  comminuted  area  remains 
elastic  until  a  critical  load  is  reached.  Dwell  is  when  the  projectile  cannot  penetrate  the  ceramic 
while  the  comminuted  area  is  elastic.  After  the  critical  load  is  reached,  the  load-bearing  capacity 
of  the  ceramic  decreases,  and  the  projectile  penetrates  the  ceramic. 

Interface  defeat  typically  occurs  at  relatively  low  velocities.  As  the  projectile  velocity  increases, 
the  dwell  time  decreases  and  the  projectile  begins  to  penetrate  into  the  ceramic.  The  velocity 
where  a  projectile  changes  from  interface  defeat  to  penetration  is  called  the  dwell-penetration 
transition  velocity. 

Interface  defeat  can  occur  at  high  velocities  if  there  is  a  buffer  in  front  of  the  ceramic  or  the 
ceramic  is  confined  and  under  prestress.  Confinement  devices  are  typically  made  of  metal  and 
have  an  opening  to  enclose  the  ceramic.  The  circumference  or  perimeter  of  the  ceramic  is  larger 
than  the  opening,  and  the  ceramic  must  be  forced  into  the  confinement  or  the  confinement  should 
be  expanded  using  heat.  Confinement  and  prestress  improves  ballistic  performance  because  it 
keeps  the  ceramic  fragments  together  during  impact  instead  of  allowing  failed  material  to  move 
out  of  the  way  of  the  projectile.  Prestress  may  also  elevate  the  pressure  required  to  initiate 
ceramic  failure. 

After  a  projectile  strikes  the  ceramic,  a  compressive  wave  from  the  impact  travels  through  it.  The 
wave  reflects  off  the  back  plate  as  a  tensile  wave  because  of  the  difference  in  impedances  of  the 
two  materials.  The  amount  of  damage  increases  as  the  difference  between  the  impedances  of  the 
back  plate  and  the  ceramic  increases.  The  tensile  wave  causes  damage  and  the  formation  of 
cracks.  The  cracks  create  a  cone  with  a  base  on  the  back  of  the  tile  and  a  nose  where  the 


1  Hauver,  G.  E.;  Rapacki,  E.  J.,  Jr.;  Netherwood,  P.  H.;  Benck.  R.  F.  Interface  Defeat  of  Long-Rod  Projectiles  by  Ceramic 
Armor:  ARL-TR-3590;  U.S.  Army  Research  Laboratory:  Aberdeen  Proving  Ground,  MD,  September  2005. 

2 

"  Chen,  W.;  Rajendran,  A.  M.,  Song,  B.;  Nie,  X.  Dynamic  Fracture  of  Ceramics  in  Armor  Applications.  J.  Am.  Ceram.  Soc. 
2007,  90(4),  1005-1018. 

Holmquist,  T.  J.;  Anderson,  C.  E.,  Jr.;  Behner,  T.;  Orphal,  D.  L.  Mechanics  of  Dwell  and  Post-Dwell  Penetration.  A  civ.  Appl. 
Ceram.  2010, 109  (8),  467^179. 


1 


projectile  is  in  contact  with  the  ceramic.  The  projectile  tries  to  penetrate  the  ceramic  until  it  loses 
all  of  its  kinetic  energy;  if  it  has  enough  energy,  it  will  perforate  the  ceramic.  Meanwhile,  the 
back  plate  and  the  ceramic  begin  to  bend,  which  cause  more  tensile  stress  and  ceramic  failure. 

Moreover,  the  ballistic  performance  of  ceramics  depends  on  several  factors  from  the  velocity  and 
shape  of  the  projectile  to  the  hardness,  density,  and  shape  of  the  ceramic  tile.4  For  example, 
thicker  ceramic  tiles  tend  to  not  suffer  as  much  damage  as  thin  ceramics.  They  fail  differently 
from  thin  ceramics;  failed  ceramic  material  flows  outward  in  the  opposite  direction  that  the 
projectile  is  moving.”  The  flowing  ceramic  particles  erode  the  penetrator  while  cracks  propagate 
through  the  ceramic.  After  the  impact,  a  tunnel  with  a  diameter  slightly  larger  than  the  diameter 
of  the  projectile  is  left  behind. 

Although  it  is  known  that  thicker  ceramics  perform  better  ballistically  than  thinner  ceramics, 
little  is  known  about  how  the  size  (area)  of  the  ceramic  tiles  affects  ballistic  performance.  Also, 
additional  data  need  to  be  collected  to  more  accurately  model  the  ballistic  response  of  ceramics. 
Because  of  the  stochastic  nature  of  brittle  ceramic  materials,  material  model  development  is 
difficult. 

The  purpose  of  this  study  was  to  investigate  whether  the  size  of  the  ceramic  tile  affects  how 
much  damage  it  suffers.  The  data  from  this  study  can  give  more  insight  on  the  ballistic 
performance  of  ceramics,  armor  design,  and  could  be  used  for  modeling. 


2.  Materials  and  Methods 


For  this  study,  targets  were  created  using  different  sized  ceramic  tiles.  The  targets  were  shot  with 
a  gas  gun  while  a  high-speed  camera  captured  the  crack  growth.  The  high-speed  camera  footage, 
postimpact  pictures,  and  the  remaining  mass  of  the  target  were  used  to  analyze  and  assess  which 
size  ceramic  tile  had  the  most  damage. 

2.1  Target  Setup 

Three  different  sizes  of  19-mm-thick  hexagonal  tiles  of  SiC-Xl  (Coors- Vista  Advanced 
Ceramics)  were  used  for  the  targets.  The  sizes  were  50-,  75-,  and  100-mm  flat-to  flat,  as  shown 
in  figure  1.  The  ceramic  tiles  were  adhered  to  152.4  x  152.4  mm  x  nominally  12.7-mm-thick 
polycarbonate  backing  plates  using  0.635-mm-thick  Deerfield  Thermoplastic  Polyurethane 
(TPU)  as  shown  in  figure  1 . 

The  ceramic  was  adhered  to  the  polycarbonate  backing  plate  by  0.635-mm-thick  TPU  pieces 
with  the  same  dimensions  as  the  ceramic  tile.  Next,  the  target  assembly  was  put  under  a  vacuum 
bag  and  placed  under  a  vacuum.  Finally,  the  vacuum-bagged  target  was  put  into  an  oven  that  was 


4  Sherman,  D.  Impact  Failure  Mechanisms  in  Alumina  Tiles  on  Finite  Thickness  Support  and  the  Effect  of  Confinement. 
International  Journal  of  Impact  Engineering  2000,  24,  313-328. 
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heated  to  104.4  °C  for  8.5  h.  The  oven  melted  the  TPU  that  joined  the  ceramic  to  the 
polycarbonate  backing  plate  while  remaining  transparent.  An  unobstructed  view  of  the  distal 
ceramic  face  was  needed  for  data  collection.  Nine  targets  were  constructed,  three  targets  for  each 
ceramic  geometry. 

2.2  Light  Gas  Gun  Setup 

A  27.7-mm  bore  light  gas  gun  was  used  to  launch  12.7-mm  diameter  spheres  at  the  targets.  Each 
sphere  was  composed  of  tungsten  carbide  (WC)  with  a  6%  cobalt  binder  and  weighed  16  g.  The 
projectiles’  velocity  was  440  ±  5.6  m/s.  Two  flash  x-rays  were  set  up  above  the  shot  line  in  front 
of  the  light  gas  gun  to  measure  the  velocity  of  the  projectile  prior  to  impact. 

The  targets  were  clamped  to  a  metal  stand  and  aligned  with  a  laser  to  the  gun’s  shot  line.  The 
light  gas  gun  used  compressed  helium  to  propel  the  launch  package  which  consisted  of  a  WC 
sphere  that  was  embedded  in  a  hole  with  a  depth  equal  to  the  projectile  radius  in  a  2.41  cm  long, 
high-density  polyurethane  foam  sabot.  A  sabot  stripper  on  the  muzzle  of  the  gun  disengaged  the 
sabot  from  the  sphere  prior  to  velocity  measurement  and  interaction  with  the  target  (figure  2). 
Prior  to  the  shots,  the  mass  of  the  launch  package  was  measured  (see  table  1).  It  was  important 
that  the  masses  were  consistent  to  achieve  a  constant  velocity.  The  projectile  traveled  from  the 
gun,  through  a  break  screen  which  triggered  two  flash  x-rays,  and  through  a  second  break  screen 
on  the  front  of  the  target  before  hitting  the  ceramic.  The  second  break  screen  triggered  the  high¬ 
speed  camera,  which  was  set  up  behind  the  target  and  protected  by  a  piece  of  polycarbonate.  The 
high-speed  camera  footage  was  analyzed  using  Phantom  Camera  Software  and  Image-Pro  Plus 

6.3  to  quantify  and  qualify  the  ceramic  damage  as  a  function  of  time  after  impact.  Also, 
postimpact  photographs  of  the  front  and  back  of  the  target  were  taken. 

2.3  Data  Analysis 

The  high-speed  footage  was  analyzed  frame  by  frame  with  Phantom  software  to  qualify  the 
damage.  The  propagation  of  radial  cracks  and  the  formation  of  peripheral  fragments  were 
observed. 

The  postimpact  pictures  were  analyzed  with  Image-Pro  Plus  6.3  to  quantify  the  distal  ceramic 
damage  by  measuring  the  total  crack  length  as  shown  in  figure  3.  The  length  of  all  the  cracks 
were  measured  and  added  together  and  are  listed  in  appendix  A.  The  area  of  the  remaining 
ceramic  on  the  back  plate  was  also  measured,  figure  4.  The  crack  density,  which  is  equal  to  the 
total  crack  length  divided  by  the  area  of  the  ceramic,  was  calculated  to  quantify  the  damage  on 
the  ceramic.  Higher  crack  densities  are  indicative  of  more  damage  than  smaller  crack  densities. 
This  methodology  only  captures  the  distal  surface  damage  of  the  ceramic. 

Next,  the  mass  loss  of  the  ceramic  was  calculated  by  subtracting  the  remaining  mass  from  the 
original  mass  of  the  targets.  The  components  of  each  type  of  target  were  weighed  and  the  masses 
were  added  together  to  find  the  original  mass  of  the  targets.  After  the  targets  were  shot,  they 
were  weighed  and  it  was  assumed  that  the  mass  loss  from  the  polycarbonate  and  TPU  was 
negligible. 
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3.  Results  and  Analysis 


3.1  High-Speed  Footage  Analysis 

The  high-speed  camera  footage,  taken  at  32  ps/frame,  showed  that  radial  cracks  within  the 
ceramic  started  to  propagate  through  the  ceramic  thickness  in  all  the  targets  after  projectile 
touchdown  on  the  ceramic  surface  (within  the  camera  framing  rate).  For  the  100-mm  flat-to-flat, 
the  radial  cracks  were  completely  done  propagating  for  all  the  targets  within  64-97  ps 
(2-3  frames)  after  touchdown. 

There  was  more  variability  for  the  time  it  took  for  the  radial  cracks  to  finish  propagating  in  the 
75-mm  flat-to-flat.  For  two  out  of  the  three  75-mm  flat-to-flat  ceramics,  the  radial  cracks  stopped 
growing  after  32-33  ps  (one  frame).  The  cracks  in  the  third  75-mm  flat-to-flat  ceramic  took  97 
ps  to  finish  propagating. 

The  radial  crack  propagation  for  the  50-mm  flat-to-flat  took  32-64  ps  (1-2  frames)  to  finish 
growing.  The  50-mm  flat-to-flat  ceramics  had  more  radial  cracks  than  the  100-mm  flat-to-flat 
and  75-mm  flat-to-flat  ceramics. 

All  the  targets  had  large  peripheral  fragments.  In  the  100-mm  flat-to-flat  ceramics,  the  peripheral 
fragments  started  to  form  after  the  radial  cracks  stopped  growing,  whereas  peripheral  cracks 
started  to  form  while  the  radial  cracks  grew  in  both  the  50-  and  75-mm  flat-to-flat  tiles.  The 
fragments  in  the  75-  and  100-mm  flat-to-flat  ceramics,  for  the  most  part,  stayed  attached  to  the 
polycarbonate  back  plate.  However,  for  the  50-mm  flat-to-flat  ceramics,  the  fragments  came  off 
the  polycarbonate,  reducing  the  amount  of  remaining  ceramic.  These  fragments  are  probably  the 
result  of  the  compression  wave  reflecting  off  the  edge  of  the  ceramic,  which  is  a  free  surface. 

3.2  Postimpact  Photo  Analysis 

The  postimpact  photo  analysis  supports  what  was  seen  with  the  high-speed  imagery  and  still 
images  are  included  in  appendix  B.  The  crack  measurements  showed  that  the  100-mm  flat-to-flat 
ceramic  had  the  longest  total  crack  length,  and  the  50-mm  flat-to-flat  ceramic  had  the  shortest 
total  crack  length.  Similarly,  the  100-mm  flat-to-flat  had  the  largest  remaining  ceramic  area,  and 
the  50-mm  flat-to-flat  had  the  least  remaining  ceramic  area  (see  figures  5  and  6).  Figure  7  shows 
the  average  crack  length/remaining  ceramic  area  for  each  size  ceramic  tile,  while  figure  8  shows 
the  average  crack  length/original  ceramic  area.  Both  of  the  figures  show  that  the  50-mm  flat-to- 
flat  had  the  largest  total  crack  density,  while  the  100-mm  flat-to-flat  had  the  lowest  crack 
density. 
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3.3  Ceramic  Mass  Loss  Calculation 


The  amount  of  ceramic  loss  is  shown  in  figure  9.  The  average  ceramic  mass  loss  for  50-mm  flat- 
to-flat  tiles  was  94.0%,  while  the  average  ceramic  loss  for  the75-mm  flat-to-flat  and  the  100-mm 
flat-to-flat  were  73.4%  and  62.6%,  respectively.  This  indicates,  again,  that  the  50-mm  flat-to-flat 
ceramic  suffered  the  most  damage. 


4.  Conclusions 


Three  different  dimensioned  19-mm-thick  SiC-Xl  ceramic  targets  (50-,  75-,  and  100-mm  flat-to- 
flat)  were  impacted  with  a  12.7-mm-diameter  tungsten  carbide  spheres  to  study  whether  the  size 
of  a  ceramic  affects  the  damage  that  occurs  during  a  ballistic  impact.  It  was  concluded  that  the 
50-mm  flat-to-flat  had  the  highest  damage  density.  However,  the  difference  in  crack  density  was 
less  pronounced  when  comparing  the  75-  and  100-mm  flat-to-flat  ceramics.  A  ceramic’s  size 
appears  to  affect  the  amount  of  damage  that  occurs.  Smaller  ceramic  tiles  appear  to  suffer  more 
damage  than  larger  ceramic  tiles  when  both  are  struck  by  a  projectile  traveling  at  the  same 
velocity,  but  more  testing  needs  to  be  done  to  confirm  this  trend.  If  this  trend  does  prove  to  be 
true,  then  it  can  be  used  to  improve  future  computer  models  for  ballistic  impacts  into  ceramic 
and  aid  armor  designers  in  improving  single  and  multiple  impact  armor  design. 
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Figure  1.  Schematic  of  the  target  configurations. 
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Figure  2.  Schematic  of  range  setup  (not  to  scale). 


6 


$  Image-Pro  Plus  -  IMG_8501JPG  50% 


File  Edit  Acquire  Advanced  Sequence  Enhance  Process  Measure  Macro  Window  Help 


JS|xJ 


£  y  €  & 


O  NEU 
— -  ROI 


til  tt  W  sBt-'fil 


IB  ^  IL  &  ®  H  H  HI 


$  IMG_8501 JPG  50% 


.f  'Start  |  r_  /h  IS  Phantom  Camera  Co...  |[  Image-Pro  Plus  -  T  Microsoft  Excel  -Boo.  ■■  |  }  Experimental  Failure  , . .  |  IMG_8  501  -  Windows...  1 1 «  ^  ■5  !•'  li::-  -  am 

Figure  3.  Measurement  of  the  total  crack  length  of  a  50-mm  flat-to-flat  hex  tile  using  Image-Pro  Plus  6.3. 
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Figure  4.  Measurement  of  the  area  of  the  remaining  ceramic  of  a  50-mm  flat-to-flat  hex  using  Image-Pro  Plus  6.3. 
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Figure  5.  Total  crack  lengths  for  each  target. 
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Remaining  Ceramic  Area  (mm2) 
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Figure  6.  Remaining  ceramic  area  for  each  target. 
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Crack  length/remaining  ceramic  area  (mm/mm2) 
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Figure  7.  Average  total  crack  length/remaining  ceramic  area  for  each  target. 
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Figure  8.  Average  total  crack  length/original  area  for  each  target. 
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Figure  9.  Average  mass  loss  for  each  target  type. 


Table  1.  Summary  of  mass,  velocity,  and  pressure  for  each  shot. 


Shot  No. 

Ceramic  Flat-to- 
Flat  Distance 
(mm) 

Launch  Package 
Mass 
(g) 

Actual  Velocity 
(m/s) 

Actual  Pressure 
(kpa) 

28 

100 

22.2 

438 

5033.2 

29 

100 

22.1 

439 

5033.2 

30 

100 

22.1 

No  velocity 
measurement;  x-ray 
pre-triggered 

5033.9 

31 

75 

22.1 

429 

5034.6 

32 

75 

22.1 

437 

5044.2 

33 

75 

22.1 

428 

5037.3 

34 

50 

22.1 

436 

5074.5 

35 

50 

22.1 

446 

5041.5 

36 

50 

22.1 

441 

5041.5 

13 


Intentionally  lelt  blank. 
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Table  A-l.  Summary  of  data. 


Flat-to- 

Flat 

(mm) 

Crack 

Length 

(mm) 

Area 

(mm2) 

Original 

Area 

(mm2) 

Crack 

Length/Original 
Area  (nmi/mm2) 

Standard 

Deviations 

Crack 

Length/Area 

(mm/mm2) 

Standard 

Deviations 

100 

2212 

7549 

8660 

0.255 

— 

0.293 

— 

100 

2747 

8383 

8660 

0.317 

— 

0.327 

— 

100 

3199 

8271 

8660 

0.369 

0.057 

0.386 

0.047 

75 

1920 

3718 

4871 

0.394 

— 

0.516 

— 

75 

2001 

4487 

4871 

0.410 

— 

0.446 

— 

75 

2143 

4687 

4871 

0.440 

0.023 

0.457 

0.037 

50 

1513 

1388 

2165 

0.699 

— 

1.090 

— 

50 

1513 

1351 

2165 

0.699 

- 

1.119 

— 

50 

1173 

1366 

2165 

0.542 

0.090 

0.858 

0.142 
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Figure  B-l.  100-mm  flat-to-flat. 


Figure  B-3.  50-mm  flat-to-flat. 
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